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FUH; IN A QUARTER-ANNULUS DUCT AND COMPARISON 

By Robert Friedman, C a r l  T. Norgren, and Robert E. Jones 

SUMMARY 

A number of  short turbojet combustor configurations  for hydrogen f u e l  
were designed and their performance investigated  in a quarter-annulus 
duct. The best combustor l iner  consisted of an annular primary zone and 
a secondary zone composed of T-shaped channels  sloping from the primary 
zone to the cmbustor wall. The f u e l  manifold  consisted of two concen- 
t r i c  spray bars within a V-gutter flameholder with separate fie1 comet- 
t i o m  to either spray bax for   control  of the initial fuel   dis t r ibut ion.  
The distance from the fuel injectors  to the instrumentation plane w a s  19.4 
inches . 

# 

The quarter-annulus combustor operated at combustion efficiencies of 
84 percent or greater at combustor-inlet total pressures as low as 5.7 

f e c t  on combustion efficiency even at veloci t les  as high a6 270 feet per 
second. At a reference  velocity of 80 f e e t  per second, conibustor total- 
pressure l o s s  ranged from 3.0 percent of combustor-inlet total pressure 
at isothermal  conditions t o  4.7 percent at a combustor total-temperature 
r a t i o  of 3 . 6 .  

- inches of mercury absolute. Combustor reference  velocfty had l i t t le  ef - 

The quarter-annulus combustor f o r  hydrogen f u e l  was  also scaled t o  
f i t  a production-type, full-scale  engine. This combustor was about two- 
thfrds the length of the standard combustor f o r  this engine. Combustion 
efficiency and total-pressure loss of the full-annulus combustor were q- 
proximately the same as those determined in the quarter-annulus  duct. 
Desirable outlet-temperature  profiles were obtained by controlling the 
fuel dist r ibut ion to separate manifolds of a dual fuel manifold. 

- 
~ O D U C T I O N  

k Hydrogen fue l   o f fe rs  advantages- f o r  the airplane  in  that (1) the high 
heat release per pound of t h i s  f u e l  can greatly increase the operational 
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range of jet-powered a i rc raf t  {refs. 1 and 2 ) ,  and (2) a t  the high stag- 
nation  temperatures  associated  with high flight speeds, the high hest .I 

capacity of this fuel furnishes a W g e  heat .sir;kfor  cooling  portion6 
of' the engines and airframe, especially when tbe fuel is e i e d  as a 
l iquid (ref. 3). To obtain the gains i n  flight range that are possible 
with hydrogen, it is necessary t o  fly at higher altitudes  than with con- 
ventional  fuels  (ref. 4 ) .  High-altitude flight requires a light-weight, 
high-thrust powerplant with a combustor capable of operating at low pres- 
sures.  Fortunately,  the  high flame speed and w i d e  inflammability limits 
of hydrogen permit  efficient  burning at very low pressures  (refs. 3 end 
5). These favorable combustion characterist ics of hydrogen may also al- 
low a decrease i n  burner length and  consequently a decrease i n  engine 
weight . 

Improvements i n  combustor performance  through the  use of hydrogen 
have already been demonstrated In current  production-type combustore 
(ref 6 .  6 and 7). The f u l l e s t  advantages, however, would be realized in 
combustors  designed specifically for hydrogen. The requirements f o r  such 
combustors  and a-proposed  design of an  engipe for hydrogen f u e l  were pre- 
sented i n  a recent EIACA conference (ref .- 4 )  .- . -%e. prop-sed combustor is 
shorter  than  standard combustors and uses a simple Low-pressure-drop 
liner, since a greater tolerance  in  the means af introductlon of f u e l  
and air is possible  than with. hydrocarbon f u e l  combustors. 

The objective of the research program described  herein was t o  demon- 
strate some design  principles  for a short-hngth, hydrogen-burning corn- 
bustor. Subsequent evaluation i n  a full-scale,  production-type  engine x86 , 
conducted at the NACA Lewis laboratory. Asthough a satisfactory design 
was found i n  the limited time available f o r  the investigation,  this con- 
figuration does n o t  necessarily  represent  the  best  design that can be I 
reached through more exhaustive tests of individual components of the 
combustor. The hydrogen-burning combustor was approximately two-thlrde 
the length of the combustor currently  used in  the full-scale  engine, The 
combustor walls were constructed of sloping,  channel-shaped  pieces t o  
permit  adequate  mixing of grimary combustion products a d  secondary a€r 
i n  a short  length without-undue total-presswe loss (ref. 8 ) .  I n  addition, 
the use of channels  promises to be one af the more effective methods of 
increasing combustor l i f e  a t  supersonic flight  conditione. Varioue fuel-  
injector  designs were investigated, a l l  &..which consisted of simple, 
concentric spray bars. 

A one-quarter  -sector of the  annular combustor wa6 operated at 'both 
low pressure6 and pressures above atmospheric. Combustion efficiency and 
total-pressure drop were determined  over a range of velocit ies,  with par- 
t i cu la r  emphasis on conditions at low total  pressures.  Provisions were L 

made t o  vary the outlet-total-temperature  profile, and  examples showing 
the control  of. the prof.ge are described i n  this report. A comparison of 
the performance of the  quarter-annulus model with that of the ful l -scale  
hydrogen-fuel combustm . i s  also shown. . . - . . -  -.-.- - - 

-a 

. .  . .  
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APPARATUS . 
Combustor Ins ta l la t ion  

A schematic diagram of the combustor ins ta l la t ion  is shown in   f i g -  
ure 1. Air of the  desired q-tity and pressure was drawn from the lab- 
oratory  air-supply system, metered w i t h  a sharp-edged orifice,  passed 
through the combustor,  and &austed Fnto the altitude  exhaust sytem. 
A direct-f ired preheater   in   the  inlet  plenum  chamber was used to  increase 
the  combustor-inlet  temperature  for a few of the test runs. 

Fuel-System Instal l&tion 

A schematic diagram of the hydrogen-f'uel system is shown in  figure 
2. The f u e l  was commercial  hydrogen with a purity of a b u t  98 percent. 
It was supplied  in compressed-gas t ra i le rs   cons is t ing  of  banks of 22 t o  
37 gas  cylinders  loaded t o  a pressure of 2400 pounds per square  inch. 
Each cylinder  held about 1200 cubic feet, or  6 -8 pounds, of hydxogen (at 
standmd  conditions). One or more cylinders were connected by manifolds 
as necessary. The desired  quantity of f u e l  was taken from the  cylinders, 
reduced t o  a working pressure of 50 t o  150 pounds per s q u m  inch gage, 
metered with a sharp-edged or i f ice ,  and then  injected  into the combustor 
through a single- or dual-entry  fuel  manuold. 

Safety precautions  included  use of an  over-pressure  relief  valve set 
2 at 200 pounds per.squa;re inch, room 8nd roof  vents,  and  isolation of the 

operators!  control room from all components of the f u e l  system. 

Combustor 

The combustor consisted of a one-quarter  sector of an annular com- 
bustor designed t o  f i t  into a housing with an outside diameter of 25.5 
inches and an  inside  diameter of 10.8 inches. The distance from the fuel 
injector  to  the  exhaust  instrumentation  plane w a s  approximately 19.4 
inches, 25 percent  shorter  than  previous  experimental combustors that f i t  
the same housing (ref. 8). The  maximum coubustor  cross-sectional area of 
the  quarter  sector was 105 square  inches (420 sq in. for  the complete 
combust or  1 I 

A three-quarter-cutaway view of the f i n a l  combustor model i s  shown 
i n  figure 3, and a.longitudinal  cross-sectional view in  figure 4. Except 
f o r  a minor modification in the secondary zone, a l l  the  configurations 
used the same combustor l iner .  The combustor consisted of a annular 
primary zone with a row  of 5/8-inch-diameter  holes i n  the inner wall only, 

shield located  near the turbine-inlet  section. These channels were  each 
connected by perpendicular  struts  to metal l i ne r s  that were bol ted   to  the 

c 

- a secondary zone composed of sloping channel-shaped  pieces,  and a heat 
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inner  and  outer w a l l s  of the combustor. For ease of a66embly and d i n e -  
ment this arrangement was preferred  over the individually  placed  channels 4 

of reference 8. 

The fuel manifolds shown i n  figures 3 and 4 me described i n  the 
discussion of combustor configurations.  Ignition was provided by a con- 
ventional  jet-engine spark plug with an extended shroud and electrode, 
mounted near the junction of the secondmy channels  and the primary 
annulus. 

Instrumentation 

The instrumentation  stations  are shown i n  figure 1. Combustor-inlet 
t o t a l  temperature and t o t a l  pressure were measmed at s ta t ion 1 with four 
bare-wire chromel-alumel  thermocouples and four total-pressure tubee, 
respectively.  Combustor-outlet  temperatures and pressures were measured 
at s ta t ion 2 w i t h  a combined total-pressure  and  platinum-13-percent- 
rhodium - platinum  thermocouple  probe in  a polar-coordinate  traversing 
mechanism. A detailed  description of this surveying method is  given i n  
reference 9. A two-pen X-Y recordiw  potentiometer  connected t o  the sur- 
vey system  continuously  recorded outlet  temperatures and total-pressure 
differential   across the comtxlstor. Static-pressure  taps were also lo-  
cated  a t   s ta t ions 1 and 2. 

Combuator Configurations 

A t o t a l  of over 25 combustor configurations were investigated. 
Cross-sectional views of the primary or secondary zones of the eight 
most promising models are sham in   f igures  5(a) t o  (h) . These eight 
models all had the channeled-wall l iner  shown in  figures 3 and 4 .  The 
fue l  manifolds for  these  configurations  consisted of single or double 
concentric spray bars, perforated with 1/16- or 5/64-inch  holes drilled 
as shown in  f igures 5 (a) t o  (h) . The small holes  provided a moderate 
pressure  drop  and a uniform gas flow from a l l  the orif ices .  A t  the same 
time, the injection  pressure drop was low enough t o  allow the fue l  jets 
t o  break up and mix with air before  they  penetrated  an  appreciable 
distance. 

Model 1 (f ig .  5 (a) ) was the simplest fuel-manifold  configuration 
investigated. It consisted of a single  fuel manifold  concentric t o   t h e  
annular  primary-zone walls, placed  within a 90-degree  V-gutter flame- 
holder. The V-gutter  blocked  approximately 70  percent of the primary- 
zone cross-sectional mea and created an eddy region  for  fuel-air  mixing 
at the  fuel  indector . In model 2 (fig.  5(b)) two fuel-manifold and V- 
gutter  cmbinations were used,  instead of the single manlfold of model 1 
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In  the succeeding  configurations, the f u e l  manifolds were placed 
between two V-gutters with sl ightly  different  angulsr openings,  displaced 
f’rom one another  longitudinally  leaving narrow slots  {usually 1/8 in .  
between the two V-gutters f’rom which the f u e l  flow emerged. More fuel 
or i f ices  were dr i l led to   increase   the   over -a l l   o r i f ice  area and  reduce 
the average fuel  velocity  out of the manifold. M o d e l  3 ( f ig  . 5 (c) ) had 
a single fuel manifold  within the two V-gutters  and metal s t r ip s  normal 
t o   t h e  air flow welded t o  the upstream V-gutter to create additional tur- 
bulence at the fuel   in jector  . Model 4 (fig. 5 (a) 1 lacked these blocking 
s t r ips   but  had two f u e l  manifolds within the V-gutters. The manifolds 
were flattened  tubes  tacked  together  along the f la t tened sides. Thus, 
the single manifold  of model 3 could be replaced by the two manifolds. 
With separa te   fue l   en t r ies   to   the  two manifolds and external  valves (fig. 
21, the dis t r ibut ion of melt0 the two manifolds could be controlled as 
desired. 

u 

dc 
to 
0 
d 

Models 5 to 8 were all mdif icat ions  re ta ining the dual-fuel-manifold 
and  double-V-gutter  confLguration of model 4. In  model 5 (fig. 5(e)), the 
blocking s t r i p s  were reinstalled,  and a fine  screen was placed  over  the 
f u e l   o r i f i c e s   t o  break up the f u e l  jets and promote a more uniform f l o w  

. of g a s  out of the slots between the t r a i l i n g  edges of the  two V-gutters. 
Model 6 (fig. 5(f 1 ) had the same blocking  strips as m o d e l  5, but these 
were extended to the outer combustor wall by three radial tabs, leaving 
three radial air passages i n  the outer  annulus  instead of the annular 
openlng of model 5. Model 7 (fig. 5 ( g ) )  had in   addi t ion  two tabs extend- 
ing t o  the inner combustor wall, staggered with respect to the exis t ing 

and 7 permitted more uniform radial outlet-temperature  profiles  than the 
annular air passages of models 3 and 5. Model 8 (fig. 5(h)) was identi-  

nels  along the inner  radius of the combustor l i ne r  was blocked by a 1-inch 
metal. s t r i p  as a further aid t o  m i x i n g  within the combustor. 

- tabs in  the  outer  annulus. The radial primary-air  passages of models 6 

- tal to model 7, except that a portion of the openings ‘between the  chan- 

ST- 

Range of Conditions 

Combustor performance was evaluated over a range of fuel-air r a t i o s  
at the following  conditions : 
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In l e t  -air 

OF in.  Hg abs 
f t  fqsec  temperature, lb/sec  pressure, 

Simulated Reference In le t   -a i r  Air-f low 
t o t a l  a l t i t u d e ,  velocity,  a t o t a l  rate, 

32.6 53,500 84.1 80 4.815 
14.7 1.878 

%ased on combustor maxLmum cross-sectional  area of 0.73 

90, OOO 75.1 80 .754 5.65 

70, OOO 72.6 80 
9.01 80, OOo 74 .I 80 1.172 

sq f t  (1/4-annulus)  and  combustor-inlet t o t a l  
conditions. 

n 

10 
$. 

tb 

Except for temperature,  these  conditions  represent  present-day  engines 
operating with annular combustors at a sea-level-static compressor t o t a l -  
pressure  ra t io  of 6.8 and a Mach number  of 0.9. Combustor-inlet aix w a 6  
at room temperature  because of the  difficulty of operating  the  preheater 
under low-pressure  conditions.  Several of the configurations were oper- 
ated only at the most severe  inlet-air   total   pressure of 5.65 inches of 
mercury absolute. Combuetor models 7 and 8 were also operated at the 
following additional conditions: 

Inlet -air 
t o t a l  
pressure, 
in .  Eg abs 

15 -0 
15.0 
15 .O 
46.0 
55.0 

AFr-f low 
rate,  

lb/sec 

1.90 
2.40 
2.97 
9.12 
9.12 

Inlet-a3.r 
t o t a l  
temperature, 

?I? 

850 
850 
850 
900 

-3 900 

Reference 
velocity, 
f t /sec 

174 
2l.5 
260 
270 
230 

c 

The first three  conditions were chosen t o  determine the  effect  of higher 
velocit ies at a subatmospheric  pressure, and the last two simulated  opera- 
t i on  at flight Mach numbers  of approximately 3.0 at an 80,000-f oot alti- 
tude. Under these conditions, it was possible t o  use the direct-fired 
preheater  (fig. 1) t o  obtain  higher in le t -ab  temperatures. To produce 
an inlet-air  temperature af 900° F, the  preheater  reduced the oxygen con- 
t e n t .  of the i n l e t  air.. from . 2 1  to 17 percent. , . . . . 

. .  

. -. . . . .  
. .. 

Calculations 

Combustion efficiency  was,calculated as the percentage r a t io  of 
actual  to  theoretical   increase  in  enthalpy from the  combustor-inlet in- a 

strumentation  plane t o   t h e  combustor-outlet  traversing probe (stations 1 

- 

- . -  . .  - " 
1. - ". - 
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t o  2, f i g .  1) by using  the method of reference 6. Combustor-inlet  en- 

erence 6, based upon a constant  fuel-inlet  temperature of 70’ P. A value 
of 51,571Btu  per pound was used for   the  lower heat of conibustion of 
hydrogen. 

I thalpies were determined from a chart similar to that presented  in  ref-  

The reference  velocities were calculated from the total   pressure and 
temperature at the combustor-inlet  instrumentation plane and the m a x i m u m  
cross-sectional  area of the combustor (0.73 sq ft) . 

The combustor total-pressure drop w&s determined by a direct  measure- 
ment of the  difference between the  total   pressure at the-combustor-inlet 
and -outlet  instrumentation  planes. A t  l o w  total-pressuE  levels,  a water 
U-tube manometer was used for measurements; at higher  total-pressure  lev- 
els,   the  pressure pickup of the combustor-outlet  survey system w a s  used 
t o  record the total-pressure loss direct ly  on the combustor-outlet survey 
chart. 

RESULTS AND DISCUSSION 

A summary of the  resul ts  of the performance of the short combustor 
with hydrogen f u e l  is given  in  table I. 

Freliminaxy  Designs 

The eight combustor configurations  presented  in this report were the 
most promising models out of a t o t a l  of 25 investigated and represent  suc- 

was based upon use  of the channeled-wall  secondary zone. In th i s  construc- 
t ion,  air is admitted.by means of long s lots ,  w h i c h  f a c i l i t a t e  the mixing 
i n  a relat ively short length of the hot  combustion  products with the 
cooler diluent air. In  addition, the channeled  design shows promise  of 
providing a more durable liner construction tha t  is reasonably  free from 
warping when the combustor i s  operated at higher heat-release  rates. 

Y cessive  steps in the  design of a satisfactory  short combustor. The design 

An early  design i n  this program used a.combustor l i n e r  composed sole- 
l y  of the secondary-zone  channels. The f u e l  was injected by means of s i m -  
p l e  spray bars. Even wlth the highly reactive hydrogen, however, the 
combustor encountered  flame-out at pressures below 9 inches of  mercury 
absolute. A sheltered primary zone was added to the  channeled  liner t o  
provide a low-velocity  region around the  f u e l  muffold.  The most su i t -  
able primary l i n e r  consisted of a solid  basket,  enclosing 20 percent of 
the  annular  cross-sectional area and perforated with a row of holes i n  
the inner w a l l  only. This basic combustor liner design w a s  retained 
throughout this investigatiop with only minor modifications,  while  re- 
search was conducted i n  an e f fo r t  t o  improve the f u e l  manifold design. * 
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In  the  eight combustor configurations  presented  in t h i s  report,  the  fuel 
manifold  consisted of a combined fuel-spray bar and V-gutter  flameholder. 
The V-gutters  created eddy regions  for  flame  stabilization; and, since 
the combustor volume al lot ted t o  the primary COmbU6tiOn zone was relative- 
l y  small, the  design of these  flameholders was found t o  be of prime i m -  
portance t o  combustor  performance. 

Selection of Best  Configurations 8 
Combustion efficiencies of the eight combustor models are compared % 

in figure 6 at the  severe  operating  conditions of an inlet -a i r   to ta l   pres-  
sure of 5.7 lnches of mercury absolute, an in l e t - a i r   t o t a l  temperature of 
80° E, a reference  velocity of 80 feet   per second,  and a f u e l - a i ~ r a t i o  of 
0.0066. Because model 3 w a s  not  operated at lower fuel-air   ra t ios ,   the  
efficiency for this configuration i s  shown at a fuel-air r a t io  of 0.0085. 
For the f i r s t  two configurations,  efficiency w a s  be t te r   for  model 2, which 
had a greater radial spread of fuel at the  fuel   in jector .  All the  suc- 
ceeding  configurations employed the same basic  flameholder  design, con- 
s i s t ing  of one V-gutter  located  inside  another  V-gutts. For these com- 
bustors,  efficiency was be t te r  wtth the models that had the  blocking 
s t r i p s  and tabs on the upstream  V-gutter (models 3, 5, 6, 7 ,  and 8).  
These blocking tabs and strips  created  low-velocity  recirculation zones 
in   t he i r  wakes and provided  flame seats for  those  parts of the fue l -a i r  
mixtures that flowed  upstream into  these wakes. Also, the additional 
turbulence  created by the  blocking  pieces may h8ve aided the fuel and air 
mixing in   t he  primary zones and improved combustion efficiency. 

The most uniform  temperature prof i les  were obtained with those con- 
figurations that had a dual f u e l  manifold, possibly  because  the  use of 
the dual manifold resulted i n  a more uniform flow of f u e l  from all the 
fue l   o r i f ices .  This difference is  quite  evident  in  figure 7, where the 
radiEtl outlet-temperature  profile of a  single-fuel-manifold combustor, 
model 3, is compared with those of the  dual-fuel-m8nifold combustors 
(models 6, 7, and 8) operated xi th  equal  fuel f l o w  t o  both  manifolds. 
Tbe abscissa  in this figure represents  the  distance  along  aturbine ro tor  
blade positioned at the combustor -outlet  instrumentation plane from blade 
root  (inner  radius) t o  t i p  (outer radius).  he temperature  points are 
circumferential  averages at f ive  radial positions  taken from the survey-  
probe recorda;  the method is  i l lustrated  in   reference 9. The over-all . 

average  combustor-autlet t o t a l  temperatures  for  the four models illustra- 
ted were not  the same, r a k i n g  from 15280.F Tor-model 3 t o  1226O F f o r  
model 6, but the  generaJ.  &ape of the prof i les  is suff ic ient   for  
cornpasfson. 

On the basis of these comparisons, the most satisfactory performance 
with respect   to  combustion efficiency and  cambustor-outlet radial t e m -  
perature  profile was obtained with models 7 and 8. Model 6, however, was 
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used as a bas i s   fo r  the deBign of a fu l l - sca l e   Snu la r  combustor investi-  

in th i s   repor t   for  cotupmisons with the performance  of the qmter-annulus 
combustor. Models 7 and 8 w e r e  modifications  investigated in  the  quarter- 
annulus  installation after the  full-scale  canbustor had  been constructed 
and operated. Most of the performance resul ts   presented  in   this   report  
a r e   fo r  model 7, because this combustor configuration was investigated 
more extensively  than was model 8. Combustion efficiencies of model 7 
were slightly higher  than those of m o d e l  6, and In turn, efficiencies of 
model 8 were slightly higher than those of  model 7 (table I). 

- gated at the NACA Lewis laboratory, results of which axe presented later 

. . . . . . " . 

Performance of Best Models 

Combustion efficiency . - A plo t  of the combustion efficiency of mdels 
7 and 8 as a function of fue l - a i r   r a t io  is s h m  i n  figure 8 f o r  an inlet- 
a i r  total pressure  of 5.7 inches of mercury absolute, a reference  velocity 
of 80 feet per second,  and an inlet-air total temperature of 80° F. Lines 
of constant  total-temperature rise across the combustor are also sham i n  
this figure, plotted as a function of combustion efficiency and fuel-air  
ra t io .  It is noted that the hydrogen fue l -a i r   ra t ios  shown i n  figure 8 
are only  about  one-third  of  those  required with conventional liquid hydro- 
carbon fue l s   fo r   t he  same values of total-temperature rise. 

With increasing fuel-- rat io ,  combustion efficiency decreased 
slightly,  as shown i n  f Qure 8. A similar trend w a s  d s o  noted in a 

6 ) .  ' Be  decrease in combustion efficiency was at t r ibuted to overenrich- 
ment of the primary zone, since the production-type  combustors were de- 

shielded primary zone and allowed a very  gradual air admission along the 
combustor length. The overenrichment was corrected t o  a certain  extent in 
the  experimental  combustors f o r  hydrogen f u e l  by a short prim zone and 
rapid  introduction of secondary air beyond the primary zone. 

- study where hydrogen f u e l  was tested i n  production-type conibustors (ref. 

" signed fo r   l i qu id  hydrocarbon fuels and w e r e  provided  with a large, 

With the  dual-fuel-manifold  configurations, models 4 to  8, it was 
possible to direct  more f u e l  toward the  outer  or  inner w a l l  of the com- 
bustor as desired. This arrangement was intended for   control  of combustor- 
out le t  temperature profiles,  but  assurance was neceesmy that these manip- 
ulations  could be m a d e  without a great sacr i f ice   in  eff icfency . Accord- 
ingly, the   effect  of fuel   d is t r ibut ion on combustion efficiency  of models 
6 and 7 was determined.- . T h e  results are shown i n  figure 9 at the same 
severe  operating  conditions used i n  the comparison  of efficiency of the 
combustor configurations (fig. 6) . The relative  proportion  of  fuel to 

valve  settings, is the abscissa f o r   t h i s  figure. Model 6 is included be- 
cause this  configuration w a s  operated  over a complete  range of valve set- 
t ings . Although a balanced  distribution of f u e l  to both fuel manifolds 

- the  inner and outer  spray bars of t h e   d u d   f u e l  manifolds, based upon 

- 
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gives somewhat higher  efficiencies, t he  attainment of a prescribed  outlet- 
temperature  .profile is important enough t o  just i fy  operation at other   fuel  - 
distributions a t .  a slight decrease i n  combustion efficiency. 

Combustion efficiency of model 7 as a function of f ue l -a i r   ra t io  at 
several  combustor-inlet  pressures is  shown in  f igure 10. For  an inlet- 
air  t o t a l  pressure. of .5.7 inches of mercury absolute, combustion eff i- 
ciency w&s about 84 percent at fuel-air   ra t ios   of  0.0070 t o  0.0090, in- 
creasing at lower fuel-& r a t i o s   t o  92 percent a t  0.0037. For a t o t a l  
pressure 0-Q .inches of mercury, efficiency  increased from 90 percent 
at a fuel-air r a t i o  of 0.0083 t o  -96 percent a t  0.0040. A t  higher  pres- 
sures, combustion efficiency ranged  between 95 and 100 percent, as ehown 
by the curve f o r  a pressure of 30 inches of mercury. 

The effeckof-combustor  reference  velocity on combustion efficiency 
at a constant  fuel-air   ratio and  combustor-inlet  temperature is shown i n  
figure ll. Combustion efficiency at reference  velocities from 75 t o  l-55 
feet per second is  shown for model 7 a t  pressures o f  5-.7 and 9 .O inches 
of mercury absolute.  Additional data are shown fo r  model 8 at reference 
velocit ies of 230 t o  270 feet per second and a pressure level  of 47 t o  55 
inches of mercury (supersonic flight conditions). A t  all these condl- 
tions, combustion efficiency w a s  v i r tual ly  independent of reference 
velocity. 

For a simulated flight a l t i tude  of 80,000 feet and  an  engine wtth EL 

pressure  ratio of -4.2,. .the combustor-inlet  conditions of temperature, 
pressure, and velocity were related t o  a flight "rich -number. The combus- 
t ion  eff ic iencies  at these inlet.. conditions are plot ted as a function of 
the calculated Mach  number in   f igure 12. As "ach numEr -1ticreased at a 
given  altitude, combustion efficiency approached a meimum, principally - 
because of the increase  in  combustur-inlet pressure, although  temperature 
and velocity also increased. The same trend is  i l l u s t r a t ed   i n  figure 1 2  
for an  experimental  channeled-wall combustor operated with l iqu id  JP-type 
mel.(data from ref. 4, p. 45, based on ref. 8). The short combustor 
operated  efficiently with hydrogen at lower Mach numbers, or more  unfavor- 
able inlet  conditions. . .. - 

The improvement i n  combustion efficiency with increase  in combustor- 

- .   . -  ." . . 
- 

i n l e t  pressure f o r  the experimental combustor is i n  accordance with the 
usual  experience with turbojet   combust~s,   but the performance with re- 
spect  to.velocity  requires some explanation. .For  combustors where the 
oxidation of the f u e l  i6 assumed t o  be the contral l ing.s tep  in  the aver- 
all combustion.-process, combustion efficiency has been correlated by the 
parameter pT/V (ref. 101, w h e r e  p is combustor-inlet s t a t i c  pressure, 
T is combustor-inlet  static-.terqperature, and V is combustor reference - 
velocity. Although the  short  hydrogen-fuel  combustor- was not  operated 
over a complete .range of all these conditions,  nevertheless it is evident 
that the correlation does not  apply with respect  to  velocity,  since I 
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efficiency did not  decrease with increasing veLo';;:ity (fig. 11). Hydrogen, 
which has a low activation energy  and high flame speed, apparently has 
sufficient  residence time t o  complete the oxidation  and  flame-propagation 
phases of the combustion process  even i n  this short combustor at high 
velocit ies.  It is more l ike ly   tha t  the m i x i n g  of the fuel and air and 
the propagation of the flame through this m i x t u r e  a re  the rate-controlling 
mechanisms i n  the combus-[;or. Some evidence for this hypothesfs is given 
by the increased  efficiencies at l o w  pressure  with model 8 (fig.  81, where 
the change i n  the secondary-zone  openings (fig.  5(h)) probably  caused & 
redistribution of air t o  the primary zone with increased m i x i n g  i n  that 
zone. However, if the combustor length is further reduced, or  if the f l o w  
velocity i s  further increased, a condition may eventually be reached w h e r e  
the fuel-air  residence time i n  the combustor is so short that the chemical 
reaction may have insufficient time t o  go t o  completion,  even wlth hydro- 
gen fue l .  A t  such a condition, an &verse effect on efficiency would be 
expected when velocity i s  increased. For  the cambustor described i n  this  
report, this point is  apparently  not  reached for  veloc.i t ies as high as 
270 feet per second. 

Combustor-outlet  total-temperature  profiles. - An example of the 
radial-temperature-profile  control  possible  through  variation i n  the pro- 
portioning of f u e l  to the dud manifold is  i l l u s t r a t ed  i n  figure 13, where 
combustor-outlet  total-temperature  profiles are shown for mdel 6 at an 
over-all  average  putlet  total  temperature  of  about lloOo F. As the fuel 
dis t r ibut ion w a s  shifted from the outer t o  the inner manifold, the peak 
temperatures in the outlet  profile shifted fram the outer radfus toward 

manifold, a desired  type of outlet-radial-temperature  profile  could be 
obtained. As shown i n  figure 9, these fuel-distribution manipulations 

- the  inner radius. Thus, by appropriate  control of the fuel f low to the 

- have a slight effect OD. the combustion efficiency. 

The same radial-temperature  prof€le  control was obtainable wi th  the 
optimum confiLmrations, models 7 and 8, although  they w e r e  not  operated 
over as complete a range of fuel-flow  distributions as model 6. The 
radial temperature  distribution shown i n  f i p r e  14 . i s  typical of those 
obtained f o r  model 7. This prof Fle is  the  result  of a fuel   d is t r ibut ion 
of about 80 percent to the outer  manifold, and it shows a reasonable 
spread of 250° F a t  an average  outlet   total  temperature of 14G0 F. 

Combustor total-pressure loss. - %e channeled-wall  design  charac- 
t e r i s t i c a l l y  has a Lbw total-pressure loss (ref.  8), 'but a slight in- 
crease i n  pressure loss had to.be suffered i n  order t o  gain the benefits 
of the eddy-promoting  blocking tabs i n  models 7 and 8. The total-pressure 
loss, in percent of combustor-inlet t o t &  pressure, is  plotted f o r  these 
models in figure l5 as a function of combustor total-temperature ratio. 
Data were taken at inlet-air total   pressures  from 5.7 t o  30 inches of . mercury absolute  and a reference  velocity  of about 80 feet per second. 
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Because of the  diff icul ty   in  making precise  pressure-difference measure- 
ments at the l o w  total-pressure  levels, there i s  considerable  scatter in - 
the data. Pressure loss varied from  approxima€elj. 3.0 percent at a total-  
temperature. r a t i o  of 1.0 (isothermal  conditions) t o  4.7 percent at a tern- 
perature   ra t io  .of 3.6. Agreemint of the b t a  points for model 8 and the 
fa i red  cur+& is fortuitous. 

Compmison with Full-scale Combustor 

Design of combustor. - Combustor  model 6,- and later models 7 and 8, 
were used as bases for the design of a full-scale  annular combustor for 
hydrogen fuel .  This combustor was fLtted in to  a current,  production-type 
engine i n  the 8000-pound-thrust class. 'Because- of the convenience or  
using existing  quarter-annulus  ducting, the combustor was fY~x3t investi-  
gated i n  the instal la t ion descrLbed i n  W s  report, even  though the dimen- 
sions of the sector did not  correspond t o  those  required for the ful l -scale  
engine. It was thus  necessary to   s ca l e  the combustor t o  f i t  not only a 
larger annulus  but  also  an  annulus  having a larger mean radius. The 
channeled-wall  type of design, however, l en t  itself pmticulasly  well t o  
th i s  scaling. The shortened combuetor was approximately two-thirds the 
length of the production-type combustor it replaced,  but it had t o  occupy 
the  standard combustor housing i n  the engine. Thus while  the downstream 
end of the  combustor f i t  against  the  turbine-pozzle diaphragn, there wa8 
an unoccupied gap between the upstream  end of the combustor and the com- 
pressor  outlet.  Fuel-Line and spark-plug entr ies  were  modified t o  accom- 
modate the  requirements of the  shortened.ccgnbustor i i ne r .  . .  . 

Fbotographs of the full-scale combustor are shown in figure 16. The 
pictures were taken  looking  upstream from the turbine-nozzle diaphragm. L 

The enlarged view, figure 16 (a), shows the downstream V-gutter of the 
flameholder  and the slot.between the V-gutters from which the fuel emerges. 
The inner- and outer-radius channels, connecting struts, inner  l iner,  and 
the downstream heat  shield can also be seen. 

. -  

Combustion efficiency . - Combustion efficiency of the qUaZ+ier-€LnnUlUS 
models agreed with those  obtained i n  the full-scale engine within 5 percent 
at a l l  conditious. 

- .. 

Combustor-outlet  total-temperature  profile. - Normally engine t e a t  
instal la t ions carry temperature instrumentation only at the  turbine-outlet 
plane, 8nd r a d i a l   t o t d ~ t e q e r a t u r e   d i s t r i b u t i o n s   a r e   s p e c i f i e d  f o r  this 
station. A typical total-temperature  distribution a t  the turbine  outlet  
for  the short  combustor in  the full-scale engine is sham i n  fkure 17.  
This distribution,  having a moderate peak near the blade tip, was con- ., 
sidered  acceptable fo r  this engine. It was obtained, however, only when 
a l l  of the   fue l  was injected  though the inner-  manifold of the dual f u e l  
manifold.  Since this engine  also  carrrled  temperature  instrumentat Lon at a 
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the combustor outlet,  the  temperature  distributions upstream  of the tur- 

f r o m  the inner  manifold only, the  radial temperature dis t r ibut ion at the 
combustor out le t  had a high peak near the blade  root.  This radlal- 
temperature distribution has some resemblance t o  that exhibited  by  the 
corresponding  quarter-annulus-duct combustor (model 6) when operated in  
the same manner, as shown by the broken l i ne  in figure 17.  

- bine  could also be studied. As would be expected,  with fuel injected 

It is thus  noted, from these studies  with  an  engine  instrumented at 
both the turbine inlet and outlet ,  that the radial total-temperature 
distribution  into  the  turbine is consistent with that obtained a t  the 
combustor ou t le t  of the quarter-annulus  duct model. On the other hand, 
the temperature distribution  into  the  turbine is almost  the  inverse 
of the distribution  out of the  turbine, o r  the desired distribution. E 
this observation is typ ica l   for  many engines, the practice of using 
turbine-outlet   profiles  for design ptnposes may be misleading. The shift 
i n  temperature distribution  through the turbine has been  noted in  previ-  
ous studies (ref. U) , and it may be the resu l t  of  flow-pattern  changes 
through the rotor  and stator  passages and the  discharge  of  turbine-disk 
cooling air into  the  exhaust  gases. - 

Combustor total-pressure loss. - Combustor total-pressure loss, i n  
percent  of  combustor-inlet total   pressure,  i s  p l o t t e d   i n  figure 18 as a 
function  of  the  engine  total-temperature  ratio.  Points are-sham f o r  
corrected  engine  speeds  of 100 and.96  percent  of rated speed at a Reynolds 
number index  of 0.08, conditions  simulating  those at about a 71,000-foot 

w t e r - a n n u l u s  combustor, as a function of combustor total-temperature 
ra t io   ( f ig .  15), is included in   f i gu re  18. The measured pressure losses 

- al t i tude at Mach 0.9. A curve representing  the  total-pressure Loss of the 

d are comparable. 

The following  results were obtained from an investigation of a short 
channeled-wall combustor f o r  hydrogen f u e l  i n  a quarter-annulus duct and 
from a comparison  with the performance of a corresponding  full-annulus 
combustor i n  a current,  production-type  turbojet  engine: 

1. Satisfactory performance at l o w  pressures w a s  achieved w i t h  a 
combustor l iner  consisting of a sheltered primary  zone  occupying  about 
20 percent  of the cross-sectional area and a channeled-Wl  secondary 
zone. The best fuel-manifold design consisted of concentric  spray bars 
situated between two V-gutter  flameholders that were displaced  longitud- 
inal ly  so tha t  the fuel  issued from the annuler  Slots between the trail- 
ing  edges  of the V-gutters. 

- 
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2. Combustion efficiency for the best configuration at fuel-air  
r a t io s  of 0.007 to 0.009 ranged.from 84 percent at a combustor-inlet 
total-pressure of 5.7  inches  of mercury absolute  through 90 percent at 
9 .O inches  oknercury absolute t o  values  approaching 100 percent at higher 
pressures. Combustor reference  velocity had little effect  on combustton 
efficiency a t  all pressures  over a velocity  range of 75 to 270 feet  per 
second; the higher  velocities were attained at pressures of 47 t o  55 
inches af mercury absolute,  conditions  simulating  supersonic  flight- - 

ogeration: . . . ". . . . . .- ." ." - . . . . - . .  . 
. " . 

IP  .o 
3. By proportioning the f u e l  flow t o  the two manifolds of the dual 

f u e l  manifold, satisfactory  control of the combustorioutlet radial- 
temperature  distribution was achieved. 

4. Combustor total-preasure loss ranged from 3.0 percent at isotherm- 
a l  conditions t o  4.7 percent at a combustor total-temperature  ratio of 
3.6. 

5. The full-annulus cambustor that was  scaled from the quarter- 
annulus duct models t o  f i t  a current,  production-type  annular  turbojet 
engine  operated at combusticm efficiencies and tcrkal-pressure losses 
similm to.  those  determined fo r  the  dud model. By means -of the fuel 
distribution  control,   turbine-outlet   total-terqeratke  distributions  in 
the engine were adjusted  unt i l  an acceptable profile was obtained, wtth- 
out any a l t e r a t b d o  the combustur liner. The length of the experimental 
combustor w&s approximately  two-thirds of tbt of the production model. 

. .  . .  . " - 
Lewis Flight  Propulsion Laboratory 

National Advisory Committee f o r  Aeronautics. - 
Cleveland, Ohio, April 17, 1956. " 
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Figure 2. - Schematic diagram of hydrogen-fuel ~ ~ t m .  
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Blocking tabs 
and s t r f p s  ’ 

(f) Model 6. Upstream end view and longitudinal 
cross   sect ion through prfmarg zone. 

Section B-B 

(g) fidel 7. mstream end  view a d  l o n g i t u ~ n a l  
cross  section  through  primary zone. 

Heat sh ie ld  

(h) Model 8. Longitudinal  cross  section  through 
inner w a l l  of secondary zone. 

- Figure 5. - Concluded. Sketches of manifolds a@ -liners of combustor  models 1 t o  8. 
( A l l  dimensions i n  inches .) 
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Figure 6. - Combustion efficiency for  eight conbustor models. 1nJ.et-air total pressure, 5.7 inchea 
o f  mercury absolute; inlet-air total  temperature, 80' F; reference velocity, BO feet per second; 
fuel-air ratio, 0.0066, except far model 3 (fuel-air ratio, 0.0085). 
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7. - Campmison of radial temperature distrlbution at 

t o t a l  pressure, 5.7 inches of mercury absolute;  inlet-air 
temperature, 800 P3 reference  velocity, 80 feet  per second3 
fuel-air ratio, 0.007 to 0,008; models 6, 7, and 8 qperated 
with  equal fuel distribution to both manifolds. 
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Figure 9. - Effect of variation of fuel distribution t o  dual fuel manFfold on combustiw 
efficleucy. Inlet-& total pressure, 5.7 inches of mercury absaluh; inlet-& total 
temperature, 8@ FJ reference velocity, 80 fee t  per second3 fuel-ab ratio, 0.0066. 
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F-e 10. - conbustion efficiency of model 7 at several pressures. In le t -a i r  total 
temperature, acre F; reference velocity, 80 feet per Second. 

Inlet-ah t o t a l  

Reference velodty, f t/eec 

p & ~ r e  1l. - gtiect of reference velocity on comabution efficiency of Blodela 7 snd 8. 
Inlet-air total temperature, 8@ F; -1-air ratios, 0.0067 t o  0.0070, except .B 

n&&. 



. .  . . . . . . . 

I * 
. . .  . , . I 

. . . . . . . 

4064 
. .  

I 

2.0 2.5 3.0 3.5 4.0 
F'Ught kch der 

Figure 12. - Coq~St'ieo~t of conibuation efficiency of -18 udng -0gm fuel with 
a carreapanding chanuolled-wall c a a i b ~  wing n-type fuel (ref. 4). sinrulatea 
flight Mach number calculated for enghe with sea-level-static  compressor t o t a l -  
pressure mtio of 4.2 a t  flight altitude o f  80,000 feet; hydrogen-fuel combustor 
VBB 25 percent shorter than Jp-fuel combustor. 
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Figure 13. - Effect of fuel distribution to dual fuelmani- 
fold on outlet  radial  total-temperature  profile for model 
6. Inlet-air total  pressure, 5.7 inches of mercury  abso- 
lute;  inlet-air  total  temperature, 80' F; reference  veloc- 
ity, 80 feet per second; fuel-air  ratio, 0.0064. 
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Figure 14. - Outlet radial total-temperature  profile f o r  f i n a l  
configuration, model 7. In le t -a f r   to ta l   p ressure ,  5.7 inches 
of mercury absolute3  inlet-ai r   to ta l  temperature, 800 F; 
reference  velocity, 80 feet per second; fue l -a i r   ra t io ,  
0.0089; average  outlet total temperature, 1445O F; fuel-  
flow distribution, 80 percent t o  outer manifold. 
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34 - NACA RM E56D16 

I I I I I I 
Combustor Data taben - 

- o Full-scale - Ahead of first $urblne stator 
0 Full-scale - After last stage of turbine _ _ _  Duct model 6 

20 40 60 80 100 
Percent of pasewe height 

Flgure 17. - C o ~ n p a r i s o n  of full-scale and quarter-annulus- 
duct ou t l e t  total-temperature prof I l e s .  Outer manifom 
closed . - 
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